**Core tip:** Obesity worsens inflammatory organ injury in acute pancreatitis (AP), but there is no effective strategy. Sheng-jiang powder (SJP) has been shown to alleviate obesity-induced multiple-organ inflammatory injury. This study demonstrates that obesity may aggravate the inflammatory reaction and pathological injury in multiple organs in AP rats and that SJP may alleviate multiple-organ inflammatory injury in AP in rats fed a high-fat diet.

INTRODUCTION
============

The prevalence and incidence of obesity have sharply increased worldwide over the past 40 years\[[@B1]\]. Several studies have shown that obesity has contributed to the increased incidence\[[@B2]\] and severity\[[@B3],[@B4]\] of acute pancreatitis (AP), specifically by increasing the risk of multisystem organ failure\[[@B5]\]. Although increasing evidence has conﬁrmed the adverse effects of obesity on the course and prognosis of AP, the mechanism by which obesity influences AP has not been elucidated to date. There is no effective strategy to prevent AP from causing organ deterioration in obesity; thus, the current management standard is supportive care and the management of complications as they occur\[[@B6]\].

The most common mechanisms underlying the obesity-related increase in AP severity include visceral fat-induced acute lipotoxicity and the inflammatory response\[[@B7],[@B8]\]. An increase in obesity-associated intrapancreatic fat and peripancreatic fat enables the unregulated lipolysis of visceral fat enriched in triglycerides, resulting in systemic unsaturated fatty acid (UFA) release, pancreatic necrosis, and respiratory, cardiovascular, and renal failure\[[@B3]\]. In addition to visceral fat-induced acute lipotoxicity, an obesity-induced imbalance between pro- and anti-inflammatory reactions is another mechanism involved in the exacerbation of AP in obesity. Adipose tissue leads to abundant macrophage infiltration, followed by increased secretion of proinflammatory cytokines \[*e.g*., interleukin-6 (IL-6) and tumor necrosis factor alpha\] and decreased production of anti-inflammatory cytokines \[*e.g*., interleukin-10 (IL-10) and adiponectin\], promoting inflammation, impairing insulin sensitivity, and dysregulating lipid metabolism\[[@B9]\]. Moreover, in obese AP rats, oxidative stress occurs locally and systemically along with the upregulation of proinflammatory cytokines and exacerbation of lipid peroxidation\[[@B10]\]. Our previous studies have demonstrated that high-fat diet-induced obesity can cause extensive inflammatory damage, especially multiple-organ inflammatory injury, in rats\[[@B11]-[@B13]\]. More importantly, obese individuals have an increased risk of developing multisystem organ failure in AP\[[@B5]\]. However, the mechanism of this effect is still unknown. Therefore, in this study, we focused on inflammatory organ injury differences in AP between obese and lean rats.

According to traditional Chinese medicine (TCM) theory, obesity belongs to the category of "Turbidity"\[[@B14]\]. Sheng-Jiang powder (SJP), which is composed of Jiangchan (*Bombyx batryticatus*), Chantui (*Periostracum cicada*), Jianghuang (*Curcuma longa L*.), and Dahuang (*Rheum palmatum L*.)\[[@B15]\], has been widely used for the treatment of "Turbidity" for hundreds of years in China. SJP has been reported to exhibit diverse biological properties, including anti-inflammatory, lipid-lowering, and immune regulatory characteristics\[[@B16]\]. Our previous studies have demonstrated that SJP can ameliorate the inflammatory response and histopathological lesions in multiple organs in obese rats\[[@B11]-[@B13]\]. In addition, a previous study reported that SJP can reduce the inflammatory response and improve the clinical symptoms and prognosis of patients with AP\[[@B17]\]. Could SJP alleviate multiple-organ inflammatory injury in AP by preventing obesity in rats? To address this question, we aimed to explore how obesity may contribute to aggravating inflammatory organ injury in AP in rats and observe the effect of SJP on multiple-organ inflammatory injury in AP in rats fed a high-fat diet.

MATERIALS AND METHODS
=====================

SJP preparation
---------------

Dahuang (batch No. 16110150), Jianghuang (batch No. 16080008), Jiangchan (batch No. 16100147), and Chantui (batch No. 16080020) spray-dried drug powders were purchased from the Affiliated Hospital of Chengdu University of TCM (Chengdu, China) and authenticated by Professor Wang WM (Department of Herbal Pharmacy, West China Hospital, Sichuan University, China) according to the Chinese Pharmacopoeia (The Pharmacopoeia Commission of People\'s Republic of China, 2010). Voucher specimens were deposited in our laboratory. The spray-dried drug powders were mixed and reconstituted with sterile double-distilled water (concentration: 1 g/mL) according to the standard proportion of 4:3:2:1 based on *Wan-Bing-Hui-Chun*, which is a famous, classic TCM book\[[@B14]\]. This SJP solution was stored at 4 °C until use and administered orally to the rats at a dose of 5 mL/kg of body weight.

Animals
-------

Male Sprague-Dawley rats (*n* = 24) weighing 60-80 g (3-4 wk of age) were purchased from Chengdu Dashuo Experimental Animal Co., Ltd. (Chengdu, China). The rats were acclimatized to the laboratory conditions (22 ± 2°C, 65% ± 10% relative humidity, 12-h light/dark cycle, and *ad libitum* access to water and food) for one week prior to the special feeding and fasted for 12 h prior to the induction of the AP model. The protocol was approved by the Institution Animal Care and Use Committee of Sichuan University (Chengdu, China) (protocol number, 2017052A).

Induction of obesity and AP, treatment, and sample collection
-------------------------------------------------------------

The rats were randomly selected and assigned to three groups (eight rats per group) according to the type of diet and treatment. As shown in Table [1](#T1){ref-type="table"}, a control group (CG) was fed a control diet (\#LAD3001G; Trophic Animal Feed High-Tech Co., Ltd., Nantong, China) and treated with normal saline; an obese group (OG) was fed a high-fat diet (\#TP23300; Trophic Animal Feed High-Tech Co., Ltd.) and treated with normal saline; and an SJP treatment group (SG) was fed a high-fat diet and treated with SJP (5 g/kg of body weight). AIN93G is a type of diet that has been extensively used worldwide and designed for growing rodents\[[@B18]\], and the composition of the control diet (Table [2](#T2){ref-type="table"}) used in this study is similar to that of AIN93G. The high-fat diet, in which approximately 33% of the calories are derived from fat, primarily lard (Table [2](#T2){ref-type="table"}), was appropriate for inducing an obesity rodent model\[[@B19]\]. All rats were acclimatized to the respective diets for 2 wk before the experiment started. Then, the rats were orally treated with SJP/normal saline once a day for 10 wk.

###### 

Feeding schedules used in the present study

  **Group**   **Rats (*n*)**   **Food**        **Treatment (oral administration for 10 wk)**
  ----------- ---------------- --------------- -----------------------------------------------
  CG          8                Control diet    Equal volumes of normal saline.
  OG          8                High-fat diet   Equal volumes of normal saline.
  SG          8                High-fat diet   Sheng-jiang powder (5 g/kg of body weight)

CG: Control group; OG: Obese group; SG: Sheng-jiang powder treatment group.

###### 

Compositions of the experimental diet

  **Ingredient**       **Control diet (LAD3001G)**   **High-fat diet (TP23300)**          
  -------------------- ----------------------------- ----------------------------- ------ ------
  Casein               200                           753.20                        267    1335
  Corn starch          397                           1495.10                       0      0
  Maltodextrin         132                           497.11                        157    785
  Sucrose              100                           376.60                        89     445
  Soybean oil          70                            263.62                        33     165
  Lard                 0                             0.00                          301    1505
  Cellulose            50                            188.30                        67     335
  Mineral mixture      35                            131.81                        66     330
  Vitamin mixture      10                            37.66                         13     65
  L-cystine            3                             11.30                         4      20
  Choline bitartrate   0                             0.00                          3      15
  Choline chloride     3                             11.30                         0      0
  Total                1000                          3766                          1000   5000

After 12 weeks, the rats were fasted for 12 h. After performing intraperitoneal anesthesia with 2% sodium pentobarbital at 40 mg/kg of body weight, blood from the tail vein was collected for amylase detection, and an AP model was induced by a retrograde injection of 3.5% sodium taurocholate (Sigma, St. Louis, MO, United States; 1 mL/kg of body weight) with a microinfusion pump at a rate of 0.2 mL/min into the biliopancreatic ducts of the rats in each group. Twenty-four hours after the AP induction, the rats were anesthetized (2% sodium pentobarbital, intraperitoneal injection, 40 mg/kg of body weight), and blood samples were collected from each rat into tubes using cardiac puncture to test the levels of serum biochemistry parameters and cytokines (IL-6 and IL-10). Lee's index, which is a rapid means of determining obesity in rats, was calculated by using the following formula\[[@B20]\]:

Lee's index = \[body weight (g)\]^1/3^ × 10^3^/naso - anal length (cm).

Pancreas, liver, heart, spleen, lung, kidney, and intestinal tissue samples were collected after euthanizing the rats (2% sodium pentobarbital, intraperitoneal injection, 200 mg/kg of body weight) for the pathological and tissue cytokine analyses.

Biochemical assays
------------------

The blood samples were centrifuged at 2500 rpm for 5 min to collect the supernatants for analysis. The levels of triglycerides, total cholesterol, high-density lipoprotein cholesterol (HDL-c), low-density lipoprotein cholesterol (LDL-c), and amylase were measured using a HITACHI automatic biochemical analyzer (7170A, HITACHI, Tokyo, Japan) at the Affiliated Hospital of Chengdu University of TCM (Chengdu, China).

Measurement of serum IL-6 and IL-10 levels
------------------------------------------

The blood samples were centrifuged at 2500 rpm for 5 min to collect the supernatants for analysis. The levels of IL-6 and IL-10 were measured by enzyme-linked immunosorbent assay (ELISA) using a Rat IL-6 ELISA kit (EKT24498, Friendbio, Wuhan, China) and a Rat IL-10 ELISA kit (EKT25325, Friendbio, Wuhan, China), respectively. According to the manufacturer's protocol, the absorbance was measured at 450 nm with a High-Throughput Universal Microplate Assay. Then, the sample values were read based on the standard curve, and the relative concentrations were calculated.

Histopathological analysis
--------------------------

Fresh tissue samples used for the pathological analysis were fixed in 4% paraformaldehyde (AR1068, BOSTER, Wuhan, China), embedded in paraffin, sectioned into 5-μm sections, and stained with hematoxylin and eosin. All histopathological sections were observed and scored by two independent blinded pathologists. The total histopathology score represents the mean of the combined scores of each parameter assigned by the two investigators. The histopathological severity of pancreatitis was determined according to Kusske et al\[[@B21]\] (points 0-4, edema, inflammation, hemorrhage, and necrosis). The scoring system described by Mikawa et al\[[@B22]\] (points 0-4: alveolar congestion, hemorrhage, infiltration or aggregation of neutrophils in the airspace or the vessel wall, and thickness of the alveolar wall/hyaline membrane formation) was used to score acute lung injury. Inﬂammation-associated histological alterations in the intestinal mucosa were graded using a scoring system according to Wirtz et al\[[@B23]\]. The liver, heart, spleen, and kidney sections were examined for signs of edema, inflammatory infiltration, fat necrosis, parenchymal necrosis, and hemorrhage.

Tissue cytokine analysis
------------------------

Tissue samples were homogenized, sonicated, and centrifuged at 10000 rpm for 10 min at 4 °C. The supernatants were collected for the cytokine analysis. Malondialdehyde (MDA), superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), reactive oxygen species (ROS), and myeloperoxidase (MPO) levels were determined using the following reagent kits according to the manufacturer\'s protocols: rat MDA ELISA assay kit (EKT2065-75-0), SOD ELISA assay kit (EKT2486), GSH-Px ELISA assay kit (EKT2876), ROS ELISA assay kit (EKT25346), and MPO ELISA assay kit (EKT303413) (obtained from Friendbio Biotechnology Co., Ltd., Wuhan, China). Briefly, the absorbance was measured at 450 nm with a High-Throughput Universal Microplate Assay. Then, the sample values were read based on the standard curve, and the relative concentrations were calculated.

Statistical analysis
--------------------

The statistical methods used in this study were reviewed by Dr. Hai Niu from the College of Mathematics, Sichuan University. Normality was assessed by the Shapiro-Wilk normality test, and homogeneity of variance was assessed by the Bartlett's test. In this study, all data, which are expressed as the mean ± standard deviation, passed the normality test. If the variances of the three experimental groups were equal, two-sided one-way analysis of variance (followed by multiple pairwise comparisons using the Dunnett-*t* test) was used to discover the differences among the groups; if the variances were unequal, the Kruskal-Wallis test was used. In addition, Student's *t*-test was used to compare the difference in the amylase levels between the CG and CG' (CG before AP induction). Statistical analyses were performed using GraphPad Prism 6.01 software (GraphPad Software Inc., San Diego, CA, United States). Statistical significance is expressed as ^a^*P* \< 0.05, ^b^*P* \< 0.01 *vs* CG; ^c^*P* \< 0.05, ^d^*P* \< 0.01 *vs* OG; or ^e^*P* \< 0.01 *vs* CG'.

RESULTS
=======

Body weight, Lee's index, and serum biochemistry parameters of the rats
-----------------------------------------------------------------------

At the end of the experiment, compared with the CG, the body weight of the rats in the OG increased by 26.67% (*P* \< 0.01; Table [3](#T3){ref-type="table"}); furthermore, Lee\'s index also increased by 10.45% in the OG (*P* \< 0.05; Table [3](#T3){ref-type="table"}). The levels of serum triglyceride and total cholesterol in the OG were significantly higher than those in the CG (*P* \< 0.01; Table [3](#T3){ref-type="table"}). SJP treatment significantly reduced the above four parameters in the rats fed a high-fat diet (*P* \< 0.01 or *P* \< 0.05; Table [3](#T3){ref-type="table"}). In addition, serum HDL-c level in the OG was significantly lower than that in the CG (*P* \< 0.01; Table [3](#T3){ref-type="table"}), and SJP treatment significantly improved the low levels of serum HDL-c in the rats fed a high-fat diet (*P* \< 0.05; Table [3](#T3){ref-type="table"}). However, serum LDL-c values did not significantly differ among the experimental groups.

###### 

Body weight, Lee\'s index, and serum biochemistry parameter levels of rats

  **Parameter**     **CG**           **OG**                                           **SG**
  ----------------- ---------------- ------------------------------------------------ ------------------------------------------------
  Body weight (g)   480.10 ± 43.62   608.10 ± 36.96[b](#T3FN2){ref-type="table-fn"}   536.60 ± 46.77[d](#T3FN3){ref-type="table-fn"}
  Lee's index       301.40 ± 23.36   332.90 ± 19.52[a](#T3FN1){ref-type="table-fn"}   307.30 ± 19.40[b](#T3FN2){ref-type="table-fn"}
  TG (mmol/L)       1.35 ± 0.51      2.69 ± 0.86[b](#T3FN2){ref-type="table-fn"}      1.60 ± 0.60[d](#T3FN3){ref-type="table-fn"}
  TC (mmol/L)       1.46 ± 0.32      1.97 ± 0.21[b](#T3FN2){ref-type="table-fn"}      1.68 ± 0.19[b](#T3FN2){ref-type="table-fn"}
  HDL-c (mmol/L)    0.68 ± 0.11      0.46 ± 0.07[b](#T3FN2){ref-type="table-fn"}      0.59 ± 0.12[b](#T3FN2){ref-type="table-fn"}
  LDL-c (mmol/L)    0.54 ± 0.13      0.49 ± 0.11                                      0.48 ± 0.11

The results are presented as the mean ± SD.

*P* \< 0.05.

*P* \< 0.01 *vs* the control group.

^c^*P* \< 0.05.

*P* \< 0.01 *vs* the obese group.

CG: Control group; OG: Obese group; SG: Sheng-jiang powder treatment group; TG: Triglyceride; TC: Total cholesterol; HDL-c: High-density lipoprotein cholesterol; LDL-c: Low-density lipoprotein cholesterol.

Serum amylase levels in the rats
--------------------------------

Sodium taurocholate treatment led to a significant increase in serum amylase levels in the rats in the CG' (*P* \< 0.01; Figure [1](#F1){ref-type="fig"}). However, serum amylase levels only slightly changed among the three groups after AP induction (Figure [1](#F1){ref-type="fig"}).

![Serum amylase levels in rats. The results are presented as the mean ± SD. ^e^*P* \< 0.01 *vs* the control group before acute pancreatitis induction. CG': Control group before acute pancreatitis induction; CG: Control group; OG: Obese group; SG: Sheng-jiang powder treatment group.](WJG-25-683-g001){#F1}

SJP increases serum levels of IL-10 but not IL-6
------------------------------------------------

Compared with the CG group, serum levels of IL-6 and IL-10 in the OG group were increased (*P* \< 0.01, Figure [2](#F2){ref-type="fig"}). Serum IL-10 level in the SG group was significantly higher than that in the OG group (*P* \< 0.01, Figure [2](#F2){ref-type="fig"}).

![Serum inflammatory cytokine levels in rats. The results are presented as the mean ± SD. ^b^*P* \< 0.01 *vs* the control group, ^d^*P* \< 0.01 *vs* the obese group. CG: Control group; OG: Obese group; SG: Sheng-jiang powder treatment group; IL: Interleukin.](WJG-25-683-g002){#F2}

SJP suppresses oxidative stress in multiple organs
--------------------------------------------------

MDA levels in the pancreas, heart, spleen, liver, lung, and kidney from the obese rats with AP were higher than those in the lean rats with AP (*P* \< 0.05 for the lung, *P* \< 0.01 for other tissues, Table [4](#T4){ref-type="table"}). SOD levels in the pancreas, spleen, intestine, and liver from the obese rats with AP were lower than those in the lean rats with AP (*P* \< 0.01, Table [4](#T4){ref-type="table"}). In contrast, the SOD levels in the lung and kidney from the obese rats with AP were higher than those in the lean rats with AP (*P* \< 0.01, Table [4](#T4){ref-type="table"}). Similarly, the MPO level in the intestine from the obese rats with AP was also higher than that in the lean rats with AP (*P* \< 0.01, Table [4](#T4){ref-type="table"}). However, the ROS and GSH-Px levels in the liver and kidney from the rats showed minimal changes between the CG and OG. SJP markedly reduced the MDA levels in the pancreas, heart, spleen, lung, and liver (*P* \< 0.05 for the spleen, *P* \< 0.01 for other tissues, Table [4](#T4){ref-type="table"}) and the MPO level in the lung (*P* \< 0.05, Table [4](#T4){ref-type="table"}). In contrast, SJP markedly increased the SOD levels in the pancreas, spleen, and intestine (*P* \< 0.01, Table [4](#T4){ref-type="table"}) and the GSH-Px level in the kidney (*P* \< 0.05, Table [4](#T4){ref-type="table"}).

###### 

Oxidative stress conditions of multiple organs

  **Organ**         **CG**       **OG**                                       **SG**
  ----------------- ------------ -------------------------------------------- --------------------------------------------
  Pancreas                                                                    
  MDA (pmol/mL)     1048 ± 116   1584 ± 278[b](#T4FN2){ref-type="table-fn"}   1066 ± 156[d](#T4FN3){ref-type="table-fn"}
  SOD (U/mL)        338 ± 31     244±21[b](#T4FN2){ref-type="table-fn"}       285 ± 18[d](#T4FN3){ref-type="table-fn"}
  Heart                                                                       
  MDA (pmol/mL)     1358 ± 199   1685 ± 87[b](#T4FN2){ref-type="table-fn"}    1297 ± 83[d](#T4FN3){ref-type="table-fn"}
  SOD (U/mL)        313 ± 24     321 ± 42                                     351 ± 14
  Spleen                                                                      
  MDA (pmol/mL)     1247 ± 205   1748 ± 96[b](#T4FN2){ref-type="table-fn"}    1569 ± 185[b](#T4FN2){ref-type="table-fn"}
  SOD (U/mL)        288 ± 17     214 ± 15[b](#T4FN2){ref-type="table-fn"}     322 ± 44[d](#T4FN3){ref-type="table-fn"}
  Lung                                                                        
  MDA (pmol/mL)     1359 ± 283   1745 ± 86[a](#T4FN1){ref-type="table-fn"}    1282 ± 140d
  SOD (U/mL)        153 ± 31     268 ± 21[b](#T4FN2){ref-type="table-fn"}     241 ± 23
  MPO (ng/mL)       77 ± 5       79 ± 12                                      56 ± 6[b](#T4FN2){ref-type="table-fn"}
  Intestine                                                                   
  MDA (pmol/mL)     1266 ± 141   1412 ± 325                                   1414 ± 235
  SOD (U/mL)        347 ± 12     240 ± 19[b](#T4FN2){ref-type="table-fn"}     341 ± 29[d](#T4FN3){ref-type="table-fn"}
  MPO (ng/mL)       46 ± 3       75 ± 9[b](#T4FN2){ref-type="table-fn"}       64 ± 3
  Liver                                                                       
  MDA (pmol/mL)     1285 ± 146   1549 ± 92[b](#T4FN2){ref-type="table-fn"}    1235 ± 160[d](#T4FN3){ref-type="table-fn"}
  SOD (U/mL)        308 ± 47     229 ± 11[b](#T4FN2){ref-type="table-fn"}     231 ± 12
  ROS (IU/mL)       718 ± 146    819 ± 96                                     730 ± 85
  GSH-Px (mIU/mL)   86 ± 11      71 ± 20                                      80 ± 6
  Kidney                                                                      
  MDA (pmol/mL)     1077 ± 236   1519 ± 217[b](#T4FN2){ref-type="table-fn"}   1513 ± 223
  SOD (U/mL)        240 ± 22     350 ± 22[b](#T4FN2){ref-type="table-fn"}     316 ± 55
  ROS (IU/mL)       598 ± 85     677 ± 142                                    666 ± 49
  GSH-Px (mIU/mL)   53 ± 7       66 ± 17                                      82 ± 13[b](#T4FN2){ref-type="table-fn"}

The results are presented as the mean ± SD.

*P* \< 0.05.

*P* \< 0.01 *vs* the control group; ^c^*P* \< 0.05.

*P* \< 0.01 *vs* the obese group.

CG: Control group; OG: Obese group; SG: Sheng-jiang powder treatment group; MDA: Malondialdehyde; SOD: Superoxide dismutase; MPO: Myeloperoxidase; ROS: Reactive oxygen species; GSH-Px: Glutathione peroxidase.

SJP relieves liver pathological damage
--------------------------------------

Compared with the organs from the CG group rats, obesity exacerbated the pathological damage to the pancreas, liver, and heart, and more inflammatory cell infiltration, a large degree of severe tissue edema, more hemorrhage, and more necrosis were observed (*P* \< 0.01, Figure [3A](#F3){ref-type="fig"} and B). However, SJP mitigated the hepatic pathological damage, and less inflammatory cell infiltration, mild tissue edema, and less necrosis were observed (*P* \< 0.05, Figure [3A](#F3){ref-type="fig"} and B).

![Histological scores and pathological images of multiple organs in rats. A: Histological scores of the pancreas, heart, spleen, lung, intestine, liver, and kidney. B: Pathological images of the pancreas, heart, spleen, lung, intestine, liver, and kidney (× 200). The results are presented as the mean ± SD. ^b^*P* \< 0.01 *vs* the control group, ^c^*P* \< 0.05 *vs* the obese group. CG: Control group; OG: Obese group; SG: Sheng-jiang powder treatment group.](WJG-25-683-g003){#F3}

DISCUSSION
==========

In the present study, serum triglyceride, total cholesterol, IL-6, and IL-10 levels in the obese AP rats were extremely high, and serum HDL-c level was significantly low. Enhanced oxidative damage was observed in the pancreas, heart, spleen, lung, intestine, liver, and kidney. Additionally, an imbalance in the antioxidant defense system, especially in the pancreas, spleen, intestine, and liver, was observed in the obese AP rats. Importantly, SJP treatment significantly increased serum HDL-c and IL-10 levels, decreased serum triglyceride and total cholesterol levels, induced oxidative stress in multiple organs, and ultimately ameliorated the pathological damage to the liver.

As one becomes more obese, more fat accumulates in and around the viscera, including the pancreas\[[@B3]\]. Fat in adipocytes is known to be composed of triglycerides, which are three free fatty acids hinged to a glycerol backbone, forming \> 80% of the adipocyte mass\[[@B4]\]. More significantly, increased free fatty acids, particularly unsaturated fatty acids (UFAs), have been documented in serum from patients with severe AP\[[@B24]\], and serum triglyceride levels in AP patients are independently and proportionally correlated with persistent organ failure regardless of the etiology\[[@B25]\]. Furthermore, sufficient evidence suggests that UFAs are directly toxic to pancreatic acinar cells due to cytosolic calcium, largely causing extracellular release, decreased ATP levels, the inhibition of mitochondrial complexes I and V, and, ultimately, necrosis\[[@B3]\]. In AP associated with obesity, the expression levels of cytokines are significantly elevated in serum or organs involved in AP (pancreas, liver, and lungs)\[[@B26],[@B27]\]. One study demonstrated that obesity reduces IL-10 expression in the spleen and that spleen-derived IL-10 protects against obesity-induced inflammatory responses in the pancreas\[[@B28]\]. In addition, in obese mice, the levels of proinflammatory cytokines, including tumor necrosis factor alpha and IL-6, increased along with serum UFAs, but treatment with the triglyceride lipolysis inhibitor orlistat significantly reduced these cytokines and UFAs and prevented organ failure and mortality\[[@B29]\]. Hence, in addition to being directly responsible for necrosis, lipolysis is likely a contributor to the milieu of exaggerated inflammation characterizing AP. In this study, high-fat diet-induced obesity resulted in high serum levels of triglycerides, IL-6, and IL-10 in AP rats, but SJP prevented lipotoxicity and the systemic inflammatory response in obese AP rats. Moreover, previous studies have shown that SJP can reduce systemic inflammatory injury and downregulate the production of proinflammatory cytokines in mice and humans with sepsis\[[@B30]\].

Oxidative stress occurs when there is an imbalance between the production of reactive metabolites and the activity of antioxidant enzymes. Many studies have shown that oxidative stress is significantly increased in obese patients and animals and causes direct or indirect damage to various organs\[[@B31],[@B32]\]. MDA is a toxic decomposition product of lipid peroxidation degradation, and the MDA content can reflect the degree of oxidative stress and cell damage\[[@B33]\]. During lipid peroxidation in pancreatitis, the MDA levels in plasma and ascites in obese animals are always higher than those in lean animals\[[@B34]\]. Hayam Ateyya et al\[[@B35]\] revealed that in rats with AP, the MDA levels are markedly increased when the SOD and glutathione levels are reduced in the pancreas and distant organs (*i.e*., lung, liver, and kidney). In our study, we found similar results in multiple organs (*i.e*., pancreas, liver, heart, spleen, lung, and kidney) from obese AP rats, suggesting that these organs might experience very serious conditions of oxidative stress and cell damage.

Various proinflammatory transcription factors can induce lipid peroxidation, causing the release of inflammatory cytokines and exacerbating oxidative stress, establishing a vicious circle\[[@B10]\]. Therefore, the synergistic effect of proinflammatory cytokines released during AP combined with the increased MDA levels in obese rats may aggravate the multiple-organ damage. ROS, which are chemical species containing oxygen, are byproducts of aerobic metabolism that play significant roles in cell signaling and homeostasis\[[@B36]\]. ROS levels can dramatically increase following oxidative stress in obesity, which may significantly damage the cell structure\[[@B36]\]. According to this study, ROS levels in the liver and kidney changed minimally between the obese and lean rats, but MDA levels in the obese rats were significantly increased. We speculate that this result may be due to the longer half-life of MDA compared with that of ROS, indicating that MDA is able to spread and reach distant intracellular and extracellular targets, thereby amplifying the effects of oxidative stress\[[@B37]\].

MPO is a characteristic enzyme of neutrophils, and its activity reflects the extent of neutrophil infiltration; sustained activation of MPO can cause tissue damage and aggravate inflammatory lesions\[[@B38]\]. Intestinal injury, which is considered a primary complication after AP onset, is well known to occur during early disease progression\[[@B39]\]. In addition, the intestine is considered an important target organ for obesity outcomes because of the effects of diet on this organ. An increase in intestinal ROS production and MPO activity was observed in rats fed a high-energy diet\[[@B40]\]. The increased MPO levels in the intestinal tissues in our study may suggest that obesity aggravates intestinal inflammatory injury in AP rats.

SOD, catalase, and GSH-Px are important antioxidant enzymes in organs and are involved in free-radical scavenging\[[@B41]\]. Erythrocyte SOD and GSH-Px activities are decreased in rats with AP\[[@B42]\]. Furthermore, low basal levels of pancreatic SOD activity are associated with increased mortality and tissue damage in rats with AP\[[@B43]\]. In the present work, SOD levels in the liver, pancreas, spleen, and intestinal tissues from the obese rats were lower than those from the lean animals, indicating that the antioxidant capacity in obese rats with AP may be lower than that in nonobese rats; this compromised antioxidant defense system may contribute to the increase in multiple-organ damage in obese rats with AP.

In China, SJP is widely used for the treatment of inflammatory diseases or syndromes, such as sepsis, pneumonia, and systemic inflammatory response syndrome; in addition, SJP has a positive effect on obesity-related glomerulopathy and obesity after contraception by subcutaneous Norplant implants (Supplementary material). Notably, our previous study showed that rhein and bisdemethoxycurcumin may be the potential active components of SJP for the treatment of AP\[[@B44]\]. Curcumin, an effective compound extracted from *Curcuma longa* L., exerts its ameliorative effects against AP by inhibiting oxidative stress and inflammation\[[@B45]\]. One study showed that curcumin administration reduces MDA levels in skeletal muscle to improve oxidative stress in high-fat diet-induced obese rats\[[@B46]\]. In contrast, curcumin is effective at countering the depletion of antioxidants. Kempaiah et al\[[@B47]\] reported that curcumin countered the depletion of GSH in erythrocytes and livers of high-fat diet-fed rats. Elevated hepatic SOD activity has also been found to be decreased by curcumin treatment. Moreover, emodin, which is derived from *Rheum palmatum* L., can prevent diet-induced obesity and associated metabolic syndrome by inhibiting the sterol regulatory element-binding protein pathway\[[@B48]\]. In this study, administration of SJP to obese rats reduced the activity of MPO in the lung; decreased the content of MDA in the pancreas, heart, spleen, lung, and liver; and increased the activity of SOD in the pancreas, spleen, and intestine. These results suggest that SJP can prevent AP from causing multiple-organ inflammatory injury-related deterioration in obese rats by reducing reactive oxygen free radicals, improving the activities of antioxidant enzymes, and alleviating the systemic inflammatory response.

However, there were some limitations to this study. First, SJP was not administered to obese rats, but it was administered at the time obesity was induced. According to the obesity and Lee's index results, SJP appears to largely prevent the development of obesity. Hence, the preventive effect of SJP on AP in obesity needs further exploration. Second, this study provided partial information about multiple-organ injuries in obese AP rats; however, the more specific mechanism needs further study. Third, the specific effective monomer components and tissue pharmacokinetics of SJP should be considered. Finally, studies investigating the effectiveness of SJP in obesity are limited to case reports and small-sample single-center randomized controlled trials in which SJP is always combined with other complementary or alternative medicine therapy (acupuncture or ear acupressure); hence, large sample multicenter randomized controlled trials should be considered.

In conclusion, obesity may aggravate the inflammatory reaction and pathological injury to multiple organs in AP rats, but SJP may alleviate multiple-organ inflammatory injury in AP in rats fed a high-fat diet. The results of this study may provide an experimental basis for clinical discoveries. Future research should investigate the active components and mechanisms of action of SJP before it can be transformed into a potentially useful treatment in human trials (Supplementary Table 1).

ARTICLE HIGHLIGHTS
==================

Research background
-------------------

Obesity has contributed to the increased incidence and severity of acute pancreatitis (AP), specifically by increasing the risk of multisystem organ failure. However, the mechanism by which obesity influences AP has not been elucidated to date. There is no effective strategy for preventing AP from causing organ deterioration in obesity; thus, the current management standard is supportive and symptomatic. Therefore, investigations of how obesity may contribute to aggravating inflammatory organ injury in AP and identification of potential treatments are urgently required.

Research motivation
-------------------

Our previous studies have demonstrated that high-fat diet-induced obesity can cause extensive inflammatory damage, especially multiple-organ inflammatory injury, in rats. However, the effect of high-fat diet-induced obesity on AP is still unknown. Sheng-jiang powder (SJP) is considered able to ameliorate the inflammatory response and histopathological lesions in multiple organs in obese rats. Could SJP alleviate multiple-organ inflammatory injury in AP by preventing obesity in rats? Therefore, this study aimed to explore the mechanisms of the effect of high-fat diet-induced obesity on inflammatory organ injury in AP rats and observe the effect of SJP on multiple-organ inflammatory injury in AP in rats fed a high-fat diet to provide an experimental basis for its clinical application in the future.

Research objectives
-------------------

To explore how high-fat diet-induced obesity may contribute to aggravating inflammatory organ injury in AP rats and observe the effect of SJP on multiple-organ inflammatory injury in AP in rats fed a high-fat diet.

Research methods
----------------

In this study, an obese rat model was induced by high-fat diet feeding, which is widely accepted and used for the induction of obesity in rats. The AP rat model was induced by a retrograde injection of sodium taurocholate into the biliopancreatic ducts, which is widely used to induce AP in rats. The levels of serum biochemistry parameters \[triglycerides, total cholesterol, high-density lipoprotein cholesterol (HDL-c), low-density lipoprotein cholesterol (LDL-c), and amylase\] were measured using an HITACHI automatic biochemical analyzer (7170A, HITACHI, Tokyo, Japan). The levels of serum inflammatory cytokines (IL-6 and IL-10) and tissue oxidative stress cytokines \[malondialdehyde (MDA), superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), reactive oxygen species (ROS), and myeloperoxidase (MPO)\] were measured by ELISA, which is a simple, rapid, accurate, and sensitive method. All histopathological sections were observed and scored by two independent blinded pathologists using different scoring systems specific to different tissues.

Statistical analyses were performed with GraphPad Prism 6.01 software. All data are expressed as the mean ± standard deviation and passed the normality test. Two-sided one-way analysis of variance (followed by multiple pairwise comparisons using the Dunnett-*t* test) or the Kruskal-Wallis test was used to discover the differences among the three groups. In addition, Student's *t*-test was used to compare the difference in the amylase levels between the control group (CG) and CG' (CG before AP induction).

Research results
----------------

In the present study, serum triglyceride, total cholesterol, interleukin (IL)-6, and IL-10 levels in the obese AP rats were extremely high, and serum HDL-c level was significantly low. Enhanced oxidative damage was observed in the pancreas, heart, spleen, lung, intestine, liver, and kidney. Additionally, an imbalance in the antioxidant defense system, especially in the pancreas, spleen, intestine, and liver, was observed in the obese AP rats. Interestingly, SJP significantly increased serum HDL-c and IL-10 levels, decreased serum triglyceride and total cholesterol levels, induced oxidative stress in multiple organs, and ultimately ameliorated the pathological damage to the liver.

The preventive effect of SJP on AP in obesity remains to be determined. Moreover, this study provides partial information about multiple-organ injuries in obese AP rats, but the more specific mechanism needs further study. Finally, the specific effective monomer components and tissue pharmacokinetics of SJP should be considered to provide more systematic and comprehensive evidence for the clinical application of this Chinese decoction.

Research conclusions
--------------------

This study demonstrates that high-fat diet-induced obesity may aggravate the inflammatory reaction and pathological injury to multiple organs, especially leading to a strong and extensive oxidative stress response in organs, in sodium taurocholate-induced AP rats. In addition, SJP may alleviate multiple-organ inflammatory injury in AP in rats fed a high-fat diet.

Research perspectives
---------------------

As we observed that SJP may ameliorate multiple-organ inflammatory injury in AP in rats fed a high-fat diet by regulating the oxidative stress response, further investigation of the underlying molecular mechanism is urgently required to provide experimental evidence for wider clinical usage.
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